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ABSTRACT 

The range of morphological forms of actinomycetes in shaken 
flask culture and fermenters is reviewed. Some of the factors that 
influence pellet formation and its prevention are discussed. The rela- 
tionship between morphology and production of antibiotics and other 
metabolites is also examined. 

Index Entries: Actinomycetes; Streptomyces; pellets; mycelial 
aggregates; disperse mycelium; fragmented mycelium; pellet initiation; 
inoculum; growth conditions; pellet prevention; antibiotics. 

INTRODUCTION 

The information available about the morphology of actinomycetes 
grown in submerged culture is restricted even though this group of micro- 
organisms is used to produce many of the antibiotics in current use. Never- 
theless, a number of aspects of growth forms have been investigated. 
They may depend on the actinomycete species, the individual strain, the 
size of the spore inoculum, the growth medium, or the physical environ- 
ment within the culture vessel. Growth forms may vary from compact 
pellets of mycelium of 5 mm diameter to suspensions of fragmented 
hyphae that have a bacillary form. In contrast, there are many reports on 
fungal morphology (1,2).  

*Author to whom all correspondence and reprint requests should be addressed. 
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GROWTH FORMS 

When the gross morphology of actinomycetes is described in litera- 
ture, it is often very vague and open to different interpretations. Descrip- 
tions are very rarely supported by photographs or diagrams to illustrate 
what is actually present. Recently, a semiautomated image analyzer has 
been developed for morphological measurements of mycelial Streptomyces 
strains that may overcome some of the problems (3). 

One of the earliest descriptions of morphology was made by Erikson 
and Porteous, who described the anaerobic actinomycete Actinomyces 
israelii as having compact "bread crumb," "cauliflower," or "puff  ball" 
colonies that settled out in static culture (4). Waksman reported small, bead- 
like colonies, granules, or flakes of actinomycetes grown in submerged 
culture (5,6). Tresner et al. examined 145 Streptomyces species (sp) and 
found a continuum of morphological types that ranged from mycelial 
pellets several mm in diameter to fragmented forms (7). Williams et al. 
reported loose, open colonies and free, hyphal colonies with dense central 
regions, radiating hyphae, and hyphal ropes (8). Lawton et al. examined 
49 Streptomyces strains and eight other actinomycetes using a range of 
spore inocula (9). They found that each strain would produce one or more 
morphological forms that included compact pellets, spiky or fluffy pellets, 
oblong pellets, flakes, hydrophobic rafts, aggregates, dispersed mycelium, 
or fragmented mycelium and gave photographs of the different growth 
forms. Good descriptions have also been given by Blumauerova et al., 
A1-Jawadi and Calam, and Cizmek and Drazic (10-12). 

Much of the published information about growth forms is summarized 
in Table 1 for shaken flask cultures that normally only form pellets (A); 
only form mycelial aggregates or fragmented mycelium (B); or form pellets 
and a range of mycelial forms (C). Growth forms in a range of fermenters 
are given in Table 2. Most of the data has been obtained with one inoculum 
level except for the work of Lawton et al., Hobbs et al., and Vecht-Lifshitz 
et al. (9,13,14). 

Initial Stages of Pellet Formation 

Two mechanisms of pellet formation can be recognized. In an early 
study of S. griseus, branched hyphae from germinating spores entangled 
to form a loose weft (38,48). Further branching then took place, and the 
central cores of the pellets became denser. Active hyphal growth was 
confined to the surface of older pellets. With aging, the central core may 
lyse, with breakup starting after 3-4 d. Kolstad and Bradley observed 
S. venezuelae spores germinating after 2 h incubation and mycelia clustering 
together after 10 h (73). Similar development processes have been reported 
with S. aureofaciens, S. tendae, and Micromonospora vulgaris (7,14, 74). 
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Table 1A 
Growth Forms in Shake Flasks of Organisms Forming Pellets Only 

25 

Strain Morphological form Reference 

Actinomadura madurae Compact spheres 9 
Actinomyces israelii  Compact "bread crumbs, cauliflowers, 4 

or puff balls" 
Streptomyces alboduncus Compact spheres 9 
S. arenae Compact spheres 9 
S. armentosus Spiky, fluffy pellets 9 
S. calvus Compact spheres 9 
S. cinnamensis Spiky, fluffy pellets 9 
S. ederensis Spike, fluffy pellets 9 
S. felleus Compact and irregular pellets 15 
S. fungicidus Compact pellets 9 
S. halstedii Flakes 9 
S. harbonensis Flakes 9 
S. heteromophus Mixture of compact, spiky, 9 

and multi pellets 
S. lividans Not described 16 
S. melanchromogenes Not described 8 
S. noursei Not described 8 
S. panagensis Compact spheres 9 
S. phaeochromogenes Flakes 9 
S. scabies Not described 17 
S. tendae Spherical pellets 14 
S. violaceoruber Not described 18 
Streptomyces J-13-3 Dense centers and open margins 19 
Thermoraonospora fusca Fluffy pellets 20 

An alternative mechanism for S. viridochromogenes and a Streptospor- 
angium sp. involves the initial clumping or coagulation of spores that then 
germinate to produce hyphae, which gradually become entangled and 
develop into pellets (75, 76). 

Vecht-Lifshitz et al. think that there may be hydrophobic interac- 
tions of cell surfaces that result from the release of bioflocculants, which 
are biologically regulated in  the growth medium in response to oxygen 
availability (14). 

Inoculum Size 

It is evident that the morphological form of a number of actinomycetes 
is influenced by the concentration of viable spores in the inoculum. A 
high concentration tends to produce a disperse form of growth, whereas 
a low concentration normally results in pellet formation. 
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Table 1B 
Growth Forms in Shake Flasks 

of Organisms Forming Only Mycelial Aggregates or Fragmented Mycelium 

Strain Morphological form Reference 

Geodermatophilus sp. Aggregate of coccoid-budding 21 
or motile-budding cells 

Micromonospora sp. Hydrophobic rafts 9 
Mycobacterium sp. Hydrophobic rafts 9 
M. fortiutum Cells 22 
Nocardia sp. Mycelium/rods/cocci 23 
N. asteroides Filaments/rods 24 
N. erythropolis Mycelium/fragments 25 
N. restricta Rods/cocci 26 
N. rubra Filaments/bacilli 27 
Streptomyces acrimycini Mycelial aggregates 28 
S. cinereoruber Mycelial aggregates 19 
S. clavuligerus Mycelium 3 
S. distallicus Fragmented mycelium 9 
S. echinatus Mycelium 18 
S. espinosus Mycelium 29 
S. fradiae Fragmented mycelium 9 
S. fragmentans Bacilli 30 
S. granat icolar  Mycelium/cocci 31 
S. griseofuscus Mycelial aggregates 32 
S. hydroscopicus Mycelium/fragments 33 
S. jamaicensis Fragmented mycelium 34 
S. kasugaensis Fragmented mycelium 9 
S. lactamdurans Fragmented mycelium 9 
S. niveus Filaments 35 
S. rochei Mycelium 36 
S. showdensis Fragmented mycelium 9 
Streptomyces sp. Mycelium 37 

A limited study of S. aureofaciens was made by Tresner et al., but they 
did not estimate initial spore concentrations. When the volume of inocu- 
lum was increased from I to 15%, there was a higher degree of mycelial 
fragmentation (7). 

In a detailed study using a tenfold range of spore dilutions, Lawton et 
al. found that some actinomycetes always pelleted, others always pro- 
duced disperse growth forms, and many others formed two growth forms 
depending on the initial spore concentrations (9). S. vinaceous and a strain 
of S. viridochromogenes produced compact pellets, spiky/oblong pellets, or 
disperse mycelium. 

Hobbs et al. have investigated the effect of spore inoculum size of 
S. coelicolor A3 on biomass and actinorhodin production (13). They 
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Table 1C 
Growth Forms in Shake Flasks 

of Organisms Forming Pellets and a Range of Mycelial Forms 

Strain Morphological form Reference 

Streptomyces alboniger 
S. antibioticus 
S. atrofaciens 
S. aureofaciens 

S. bambergiensis 

S. canadensis 
S. cattleya 
S. chartreusis 
S. chrestomyceticus 
S. clavuligerus 
S. coelicolor 
S. erythreus 

S. fimbriatus 
S. flavogriseus 
S. fradiae 
S. galilaeus 

S. gedaenensis 
S. geyseriensis 
S glomeratus 
S. griseus 

S. henetus 

S. jomonijinensis 

S. kanamyceticus 
S lavendulae 

S. lipmanni 
S. peuciticus 

S. platensis 
S. rimosus 
S. rimosus var. paromycinus 
S. rubrimeticuli 

S. venezuelae 
S. vinaceus 

S. viridochromogenes 

Pellets to aggregates 9 
Pellets and aggregates 9 
Pellets to aggregates 9 
Pellets, mycelium, pellets to mycelium 7-9,38-41 

and fragmented mycelium 
Pellets, pellets to pellets, and mycelial 9,12 

aggregates 
Pellets and disperse mycelium 9 
Pellets to mycelial aggregates 9 

�9 Pellets to mycelial aggregates 9 
Pellets and disperse mycelium 9 
Pellets and mycelial aggregates 9 
Pellets and mycelial aggregates 28,42,43 
Pellets 8 
Mycelium 44 
Pellets to pellets/mycelial aggregates 9 
Pellets to pellets/mycelium 9 
Pellets to mycelial aggregates 9 
Pellets (reciprocating shaker) 45 
Mycelium (rotary shaker) 45 
Pellets to mycelium 9 
Pellets to pellets and mycelial aggregates 9 
Pellets and mycelial aggregates 46,47 
Pellets, pellets to flocculent growth, 9,38,40, 

pellets to intermingling mass, and 48-54 
mycelium 

Pellets and fragmented mycelium 9 
to fragmented mycelium 
Pellets and disperse mycelium 9 

to disperse mycelium 
Pellets to disperse mycelium 9 
Pellets to mycelial aggregates 9 

and mycelium 
Pellets and disperse mycelium 9 
Pellets and mycelial aggregates, and 9,55 

pellets to mycelial fragments 
Pellets to mycelial aggregates 9 
Pellets to fragmented mycelium 11 
Pellets to disperse mycelium 9 
Pellets to pellets and mycelial 9 

aggregates 
Pellets, mycelium 48,56,57 
Pellets (nonproducer), and mycelium 8 

(antibiotic producer) 
Pellets to disperse mycelium, 9 

and pellets 58 
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Table 2 
Growth Forms in Fermenters and Other Stirred Vessels 

Whitaker 

Strain Morphological form Culture vessel Reference 

Actinomyces Pellets Stirred anaerobic 59 
israelli 

Nocardia Mycelium Fermenter 60 
mediterranei 

N. rhodocrous Pseudomycelium to Fermenter 61 
fragments; clumps 
at high, dissolved 
oxygen tension 

Filamentous mycelium Streptomyces 
achromogenes 

S. aureofaciens 
S. cattleya 

S. erythreus 
S. hygroscopicus 
S. lavendulae 

S. niveus 

S. rectus var. 
proteolyticus 

S. venezuelae 

Thermomonospora 
sp. 

Filamentous mycelium 
Mycelium 

Pellets 
Small pellets 
Mycelial aggregates 

to mycelium 
Mycelium 
Mycelium 
Mycelial aggregates 
Disperse mycelium 
Mycelium 

Mycelial aggregates 
or mycelial fragments 

Fragmented growth 

Continuous culture 62 

Continuous culture 63,64 
Magnetically stirred 65 

flask 
Fermenter 66,67 
Continuous culture 68 
Continuous culture 63 

Range of fermenters 69 
Continuous culture 62 
Tower fermenter 35 
Fermenter 70 
Fermenter 71 

Fermenter 56 

Deep jet fermenter 72 

found that cultures grown from low inocula tended to produce pellets 
rather than disperse mycelium. Biomass yield was proportional to inocu- 
lum size at spore concentrations between 3.7x 104 and 8.7x10 s spores 
mL-1. However, actinorhodin was only produced at inoculum sizes greater 
than l x  10 s spores mL -1. 

Vecht-Lifshitz et al. found that the average pellet size of S. tendae 
seemed to be inversely proportional to the order of magnitude of the 
inoculum size (14). There was, however, an inoculum size range where 
the average pellet size reached a plateau. With 107-1010 spores/m 3, the 
average pellet size remained approx 1 mm in diameter. 
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Influence of Media 

Disperse growth is more likely in rich, complex media, and pellets 
occur in chemically defined media. However, effects of media can be 
extremely varied, and individual components may only change the mor- 
phological state of a few strains. 

The nitrogen source influences the pellet form of S. bambergiensis (12). 
Casein hydrosylate led to the formation of small, firm, smooth pellets; 
whereas fodder feed yeast led to large, dishevelled pellets, and corn steep 
liquor led to soft pellets with different lengths of hyphae on the surface. 
The addition of butyrolactone derivatives to pellet-forming mutants of 
S. griseus led to the formation of long, filamentous hyphal aggregates 
characteristic of the parental strains (50). 

In a few instances, a filamentous form is obtained in a complex 
medium and a more fragmented form in a defined medium. Streptosporo 
angiu viridogriseum formed filamentous clumps in a complex medium con- 
taining starch but grew as fragmented mycelium in a defined sucrose 
asparagine mineral medium (76). Streptomyces granticolor was mycelial in 
media containing beef extract but fragmented when the nitrogen source 
was amino acids and nucleic acid bases or when glucose was omitted as a 
carbon source (77,78). In contrast, S. venezuelae formed hyphal micro- 
colonies in glucose mineral salts and a glycerol serine lactate medium and 
fragmented in glucose yeast extract nutrient broth (56). Shomura et al. 
found that S. halstedii was affected by medium component concentration 
(79). It fragmented in concentrated media and retained a mycelial form in 
dilute media. 

Influence of Culture Vesse ls  on Growth Forms 

The type of shaker may affect the growth form of a few actinomycetes. 
Cultures of S. galileus and S. glomeratus E65 and 65/22 grew as pellets on a 
reciprocal shaker and disperse mycelium on a rotary shaker (45,47). How- 
ever, S. glomeratus C51e and C54 grew as pellets on both types of shaker. 

In fermenters, pellets do not normally form because of the high aera- 
tion and vigorous agitation (see also Table 2): Filamentous mycelial growths 
are the predominant growth form (56,60, 62, 71 ). When S. rectus var pro- 
teolyticus was grown in batch culture, the mycelium was markedly shorter 
at 500-600 rpm than at 300-400 rpm. High agitation rates were thought to 
cause the shear of mycelium, the inhibition of elongation, or both (71). 
Nocardia rhodocrous, which normally grows as pseudomycelium or mycelial 
fragments in a fermenter, clumped at high, dissolved oxygen tensions 
(61). However, even at high stirring rates (3000 rpm), S. hygroscopicus still 
formed small mycelial pellets with 20-30 branching tips in continuous 
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culture with a glass blado stirrer, and S. erythreus grew as small pellets at 
1000 rpm (66-68). S. niveus changed from a mycelial form in batch culture 
to a particulate aeratable form in continuous culture when growing in a 
tower fermenter (35). 

Ways to Prevent Pelleting 

Production of disperse mycelium is normally desirable in biochemical, 
physiological, or genetic studies because it tends to be more homogenous 
than mycelium tightly packed in a pellet. Dispersion is usually obtained 
by using modified shake flasks, maceration, adding fragmenting struc- 
tures, altering the medium components or concentrations, using chemical 
additives, or combinations of these techniques. 

Kominek used a Waring blender for 3 min to obtain disperse inocula 
of S. griseus and S. niveus (80,81). The blending led to decreases in incuba- 
tion time to reach maximum growth, higher cell yields, and increased anti- 
biotic titer. The same technique was used with S. tenebrarius in a study of 
nebramycin production (82). This technique is not easy to do aseptically 
and is very labour intensive on a multiple scale. 

Baffled (cleated) flasks have been used to produce a more open my- 
celial morphology (83,84). However, these flasks cause splashing at high 
shaker speeds and tend to make filamentous fungi and actinomycetes 
stick to the walls of flasks above the level of the medium (85). Vecht- 
Lifshitz et al. have reported that pellet formation of S. tendae in baffled 
flasks was markedly decreased above inoculum sizes of 109 spores/m 3, 
and only a few small 0.5mm pellets were formed (86). In unbaffled flasks, 
the upper level for pellet formation was 1011 spores/m 3. 

Toyama et al. used stainless steel coils in shaken culture to prevent 
the formation of pellets with 19 Streptoverticillium sp and seven Strepto- 
myces sp (87). Similar techniques have been used with S. coelicolor and 
S. peuciticus (55, 88). 

Meshkov and Levitov used glass beads to produce diffuse mycelial 
growth of S. fradiae in a synthetic medium (89). The culture produced 
more neomycin (1800-2000 7/cm3) than the pelleting culture (340 7/cm3) 
growing without beads. Ochi prevented clumping of S. coelicolor by initially 
preparing a monospore suspension in a tube containing 3ram glass beads 
and blending on a vortex mixer for 2 min (90). Glass beads were used by 
Asai et al. to simulate the mechanical damage found in a 200 dm 3 fermenter 
during a fermentation of S. hygroscopicus for the production of maridomy- 
cin (91). Miyoshi et al. used glass beads and glass rods to exert mechanical 
forces on an improved strain of S. sapporenensis that produces bicyclomy- 
cin (92). However, these conditions resulted in a high proportion of low- 
producing isolates. 
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Anionic polymers, such as, carbopol (carboxypolymethylene) and 
Junlon PW 110 (a polyacrylic acid), have also been used to obtain disperse 
mycelium. These compounds are thought to affect the surface charges of 
spores and therefore reduce their agglutination potential. Hobbs et al. 
found that carbopol and Junlon PW 110 increased dispersion and cell 
yields of S. lividans and S. welicolor (16). The presence of Junlon also stimu- 
lated the production of actinorhodin by S. coelicolor. 

Submerged Sporulation 

Most actinomycetes do not sporulate in submerged culture (73, 74). 
Among the strains that do, it is important to distinguish between those 
that form spores similar to the ones produced on aerial mycelium and 
others that produce arthrospores intracellularly from mycelial cells. Al- 
though still not a common phenomenon, submerged sporulation has 
been observed in cultures of Streptomyces acrimycini, S. albus, S. coeliwlor, 
S. griseus, S. lavendulae, S. roseosporus, S. venezuelae, S. viridochromogenes, 
and Actinomyces sp. (10,38, 75-82). 

Many strains of S. griseus and other species will form spores in 
1-4 d depending on the strain and the medium, but the quantity of spores 
produced may vary. This type of spore formation is most often associated 
with a nutritional downshift that results from depletion of an essential 
nutrient, often nitrogen or phosphate (75,77,79). An excess of the nitro- 
gen source inhibits spore formation of cultures of S. venezuelae (82). S. 
griseus NRRL B2682 was not affected by variations in medium concentra- 
tion (80). However, if the initial spore concentration in the medium was 
increased to I x 108 spores/cm 3, no spores were produced within 7 d. A 
stable mutant (bald 10) would form spores if A-Factor was present in the 
medium. The formation of submerged spores of S. roseosporus did not 
occur in either a primary or a secondary medium but only in a tertiary 
fermentation medium that contained methyl oleate as a carbon source 
and was not due to nutrient depletion. 

Tresner et al. found that a number of S. aureofaciens strains produced 
arthrospore-like cells after growth in AC Difco broth for 3 d (7). Strepto- 
myces virginae formed arthrospores after 2 d when glucose had been ex- 
hausted in the growth medium. 

Influence of Morphology on the Ability 
of Actinomycetes to Produce Antibiotics 
and Other Products in Submerged Culture 

A number of workers have attempted to identify morphological forms 
that are associated with production of antibiotics or other metabolites. A 
disperse mycelial form that is not starved of oxygen or nutrients is nor- 
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mally considered ideal for industrial fermentations, but very little specific 
published information is available (103,104). 

A mycelial form of S. griseus is required for streptomycin production, 
but pelleted and fragmented forms are undesirable (51,53,96). Other 
strains that fragment quickly without clumping were also nonproducing 
(95). The filamentous state is also essential for production of antibiotic 
SF-1993 by S. halstedii and turimycin by S. hygroscopicus (68,79). In both 
cases, no antibiotic was produced by the fragmented form. Pelleted growth 
of Nocardia lactamdurans in a seed fermenter led to depressed production 
of cephamycin in a subsequent production stage (96). 

Lower streptomycin production was also associated with increased 
submerged spore production by S. griseus (95,105). Arthrospore produc- 
tion by S. virginiae inhibited the production of virginiamycin (107). How- 
ever, in an Actinomyces sp. culture, the release of spore-like bodies was 
associated with the production of an insecticidal antibiotic. The absence 
of spores was associated with initial and late production of an antibiotic 
active against gram-positive bacteria (10). 

Pellets of S. nigrificans produced more glucose isomerase than the 
mycelial form (108). The same enzyme has also been isolated from the 
pelleted form of S. bambergiensis (12). 

Braun and Vecht-Lifshitz have concluded that the effects of pellet 
morphology on productivity and composition of secondary metabolites 
remain unexplained (104). It may therefore be possible to obtain specific 
metabolites not synthesized by disperse mycelial growth. 
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